Large-scale, well-aligned and oriented wurtzite ZnS nanobelt arrays are fabricated by a simple solvothermal reaction and subsequent heat treatment. The nanobelts grow along the ͓0001͔ direction perpendicularly on a zinc substrate, which are about 30 nm in thickness, several hundreds of nanometers in width, and up to 4 m in length. Importantly, such nanostructured arrays show a good field emission property with low turn-on field ͑3.8 V m −1 ͒ and high field enhancement factor ͑ϳ1800͒, which is ascribed to the top edges and corners of the freestanding and well aligned nanobelts, and good electric contact with the conducting substrate where they grow.
Zinc sulfide ͑ZnS͒, an important semiconductor with a wide band gap ͑3.91 eV͒, has been considered as a promising material for ultraviolet-light-emitting diodes and injection lasers, 1 etc. In recent years, much attention has focused on the synthesis of various ZnS nanostructures including nanowire, 2 nanotubes, 3 and nanobelts. 4 Among those, nanobelt represents a special geometrical shape, in contrast to the other one dimensional ͑1D͒ nanostructures such as nanowires and nanotubes with cylinder geometry, and has stimulated extensive research interest. Ma et al. reported the synthesis of wurtzite-structured ZnS nanobelts based on thermal evaporation of ZnS powders at high temperatures. 4 Yao et al. prepared flowerlike ZnS nanobelts by a solution synthesis route. 5 Aligned 1D nanostructures are expected to be useful in many applications such as field emission ͑FE͒ devices, 6 nanolasers, 7 etc. However, all reports are, thus far, associated with the tangled distributions of nanobelts. The synthesis of ZnS nanobelt arrays is still a challenge. Here, we report the large-scale synthesis of well-aligned ZnS nanobelt arrays by a simple solvothermal reaction and subsequent heat treatment. Importantly, such nanostructured arrays show the good FE property with a low turn-on field and a high field enhancement factor.
Aligned ZnS nanobelt arrays were fabricated on zinc foils via a simple template-free solvothermal method. Typically, Zn ͑CH3COO͒ 2 ·2H 2 O ͑0.5 mmol͒ and CS ͑NH 2 ͒ 2 ͑1 mmol͒ were dissolved in de-ionized water to form a 10.0 mL solution and its pH value was adjusted to 10 by dropping 3M NaOH solution. Then 30 ml of ethylenediamine ͑NH 2 CH 2 CH 2 NH 2 , EDA͒ was added under stirring. Afterward, the mixture was transferred into a 50 ml Teflonlined autoclave, followed by immersing a piece of zinc foil ͑1 ϫ 1 cm 2 ͒ in the reactant solution. The autoclave was sealed and heated to 160°C for 10 h, followed by cooling naturally to the room temperature. The foil was then taken out, which was covered with bright white products, rinsed with distilled water and absolute ethanol, and dried under vacuum ͑ϳ10 −3 torr͒ at 70°C for 5 h. Finally, the products were heated at 250°C for half hour in a vacuum ͑ϳ10 −3 torr͒ furnace to form ZnS. The products were characterized by x-ray diffraction ͑XRD͒ ͑X'Pert Pro MPD͒, field emission scanning electron microscope ͑FESEM͒ ͑Sirion 200͒, and high-resolution transmission electron microscope ͑HRTEM͒ ͑JEOL 2010͒.
The FE measurements were performed in a vacuum chamber at a pressure of 5 ϫ 10 −7 Pa at room temperature in a two-parallel-plate configuration. The sample on the Zn substrate ͑foil͒ was attached to a stainless-steel plate using conducting glue as the cathode together with the other as the anode. A voltage with a sweep step of 30 V was applied between the anode and cathode to supply an electric field. The applied voltage was increased from 0 to 1400 V. The emission current was monitored with a Keithley 485 picoammeter. Figure 1 shows the XRD patterns of the products on the Zn substrate, in which the standard diffraction of hexagonal ͑wurtzite͒ ZnS powders is also given ͑bottom͒. The sample after reaction at 160°C for 10 h can be indexed as orthorhombic Zn-sulfur-ethylenediamine ͓ZnS͑EDA͒ 0. the signals of Zn metal from the substrate ͓see curve ͑a͒ in Fig. 1͔ , compared with the XRD pattern presented by Ouyang et al. 8 Subsequent heating at 250°C under a vacuum leads to the thermal decomposition of the ZnS ͑EDA͒ 0.5 and formation of wurtzite ZnS, as shown in curve ͑b͒ of Fig. 1 . It can be seen that all peaks are in agreement with wurtzite ZnS, 9 except the signals of Zn metal from the substrate. In addition, the strongest peak for the final sample corresponds to ͑002͒ whereas that of the standard ZnS powders is ͑100͒, indicating that the ZnS on the substrate have significantly preferred orientation in the direction of.͓0001͔
FESEM images clearly show the morphology of the final product. The Zn foil is covered with uniform and dense ZnS products ͓Fig. 2͑a͔͒. The low magnification FESEM images exhibit that the products are composed of vertically oriented nanobelts and each of them has a clear rectangle on top section ͓Fig. 2͑b͒ and its top inset͔. These nanobelts are of 300-500 nm in width, up to 4 m in length, and about 30 nm in thickness, and aligned in a dense array and approximately perpendicular to the substrate surface ͓see the bottom inset in Fig. 2͑b͔͒ .
TEM examination has revealed that the nanobelts have a uniform width over their entire lengths, as typically illustrated in Fig. 3͑a͒ . Selected area electronic diffraction shows that the nanobelts are well-crystallized single crystals of wurtzite ZnS ͓see Fig. 3͑b͔͒ . The nanobelt grows along ͓0001͔, with side surfaces ͑0110͒ and the belt-planar surfaces ͑2110͒. HRTEM image ͓Fig. 3͑c͔͒ exhibits well-resolved two dimensional lattice fringes with the spacings of 3.1 and 3.3 A, which are in good agreement with the spacings of the ͕0001͖ and ͕0110͖ planes in wurtizite ZnS, respectively. These further confirmed that each nanobelt is of single crystal and the c-axial direction is the faster growth direction.
More interestingly, such ZnS nanobelt arrays show good FE property, in contrast to the bulk ZnS that is of no significant FE. Figure 4͑a͒ shows the dependence of the emission current density J on the applied electric field E ͑E = V / d, d is the anode-sample distance͒ at two anode-sample distances, 200 and 300 m, for a typical ZnS nanobelt array. When the distance is of 300 m, the turn-on field is measured to be Fig. 2͑a͒ . about 3.8 V / m corresponding to a current density of 10 A/cm 2 . Although there are no available reported data for FE properties of ZnS, the turn-on field value in this work for the ZnS nanobelt arrays is close to those observed in some good field emitters, such as single-wall carbon nanotubes ͑1.5-4.5 V / m͒ ͑Ref. 10͒ and needle-shaped SiC nanowires ͑ϳ5 V/m͒. 11 It is much lower than those of AlN nanorod arrays, 12 GaN nanowires, 13 taperlike Si nanowires, 14 ZnO nanowires, 15 and MoO 3 nanobelts. 16 It means that the obtained ZnS nanobelt arrays are, in fact, excellent field emitters.
The formation mechanism of 1D nanobelt arrays will be reported in detail in our forthcoming article. Briefly, the Zn foil also acts as the zinc source, in addition to the substrate, in the hydrothermal process. Zinc ions, Zn 2+ , were provided by not only the dissolution of Zn ͑CH 3 COO͒ 2 ·2H 2 O but also the oxidation of metal zinc in the precursor solution. In the EDA-sufficient precursor solution, Zn 2+ reacts with thiourea to form molecules ZnS ͑EDA͒ 0.5 , which often act as a transition to the wurtzite ZnS nanocrystals. 17 With increase of its concentration in the solution, ZnS ͑EDA͒ 0.5 nuclei will heterogeneously be formed on the substrate due to lower energy barrier than in the solution. In general, the faces perpendicular to the fast direction of growth have smaller surface areas and the slow growing faces therefore dominate the morphology. 18 For ZnS ͑EDA͒ 0.5 , there are two preferential growth directions, i.e., ͓0001͔ and ͓0110͔. 17, 19 In our experimental system, the growth rate of ͓0001͔ direction is faster than that of ͓0110͔. Thus the beltlike morphology was produced. Obviously, in our case, only the nuclei with ͑0001͒ plane parallel to the substrate are allowed to grow freely since the growth of other plane-oriented nuclei will be kinetically retarded and cannot grow very long due to limited space ͓see the lower inset in Fig. 2͑b͔͒ . 20 Consequently, wellaligned nanobelt arrays formed vertically on the substrate. Subsequent annealing in vacuum at 250°C gives rise to decomposition of the ZnS ͑EDA͒ 0.5 and formation of pure wurtzite ZnS nanobelts due to the shape inheritance. 17, 19, 21 The low turn-on field for such ZnS nanoarchitectures could be attributed to the sharp corners and edges of belts and and the well-aligned morphologies. As mentioned above, the direct growth of emitter materials on a conducting metal substrate can ensure a good electrical contact, which also contributes to such a low turn-on field observed here. 22 The results in Fig. 4͑a͒ can be well described by FowlerNordheim ͑FN͒ theory:
where ⌽ is the work function of emitter materials ͑in eV͒, A and B are constants, corresponding to 1.56 ϫ 10 −10 A V −2 eV and 6.83ϫ 10 3 V eV −3/2 m −1 , respectively, and the ␤ is the field enhancement factor. Figure 4͑b͒ shows FN plots of ln ͑J / E 2 ͒ vs E −1 corresponding to Fig.  4͑a͒ . The FN plots corresponding to different anode-sample separations show a similar linear relationship within the measurement range. This reveals that electron emission from these ZnS nanoarchitectures follows FN's behavior, i.e., electron tunneling through a potential barrier ͑FN mechanism͒. Based on the slope of the ln ͑J / E 2 ͒ϳE −1 plot and the work function of bulk ZnS ͑5.4 eV͒, 24 ␤ is estimated to be 1812
for d = 200 m and 1839 for d = 300 m, respectively, which is high enough for various field emission applications. The ␤ factor is highly dependent on the geometrical shape and crystal structure of emitter, as well as the density of emitting points. Such high ␤ value can be attributed to geometrical features of the top end of ZnS nanobelts, including high aspect ratio, nanosized sharp corners, and edges, as well as alignment of these belts. In summary, large-scale and well-aligned ZnS nanobelt arrays have been successfully synthesized via a simple hydrothermal method. The as-synthesized ZnS nanobelt arrays exhibit excellent FE properties with a low turn-on field of 3.8 V m −1 and a high field enhancement factor of about 1800, which is found to be better than those of many other nanomaterials. These well-aligned ZnS nanobelt arrays are expected to be the promising candidate for various field emission applications, such as flat-panel displays and other vacuum microelectronic devices. 
